Abstract -The use of ionizing radiation as a method for electron extraction and electron attachment under conditions in which the products are matrix-isolated are outlined, and the utility and simplicity of the method is stressed. A range of electron-loss and electron-gain mechanisms are discussed in terms of molecular relaxation, bond-making and bond-breaking processes, with particular reference to solvation effects.
INTRODUCTION
During the past 26 years I and my collaborators have explored the use of e.s.r. spectroscopy in the study of matrix isolated neutral radicals and radical-ions (Ref. 1) . It has turned out to be a powerful technique, leading not only to clear identification in many instances, but also to mechanistic insights that would be difficult to obtain by other means. In particular, we have tried to exploit the use of ionizing radiation as a method, not only for obtaining radicals, but specifically for inducing electron-loss and electron-gain under low temperature conditions. The advantage of using low-temperature rigid matrices is that highly reactive species are rendered impotent by immobility, whilst unimolecularly unstable species have their lives prolonged by the low temperature and sometimes by the inhibitory effects of the matrix on the tendency to fragment.
IONIZATION BY HIGH-ENERGY RADIATION
We are only concerned with the initial chemical effect of ionizing radiation. For most purposes this can be viewed as an initial, indiscriminate, ionization, the ejected electron being in an effective "conduction band", and hence considerably delocalised. At thermal energies, these electrons may be physically trapped, as for example, in anion vacancies in alkali halide crystals, or they may react with available electron acceptors. Failing these events, they may return to their cations (Fig. 1 ). This generally leads to electronically and vibrationally excited parent molecules (or ions) which may undergo homolysis rather than falling to the ground-state. The overall process may then closely resemble a normal photolysis. An interesting example is the radiolysis of pure nitromethane, the main primary products being •Q-13 and 'NO2 radicals, rather than (Q-I3NO2) and (Q-13N02) ions (Ref. 2) . These ions or products therefrom can be formed in suitable media. This must mean that the rates of electron-and hole-transfer in the pure solid are faster than the deformation rates that are required for trapping, as indicated in Fig. 2 . I am not concerned herein with this mechanism (Fig. 1 ), but note in passing that such solid-state homolyses often lead to pairwise trapping, and this effect is indeed observed for nitromethane.
Electron-loss centres may be stabilised by relaxation to new shapes, or by bond-making or breaking. Any of these changes will inhibit mobility electron-transfer. If electronreturn occurs following bond-breaking a new species will be formed, and if this is matrix isolated, pairwise interaction may again be observed. We proposed such a mechanism, for example, in our study of pairwise trapped phenoxy-radicals in irradiated resorcinol (Ref. 4 ).
Electrons may be stabilised by physical trapping, or by electron-capture. Trapping is longlived provided the resulting relaxation rate is fast, and leads to sufficiently deep traps. This may take the form of bond stretching or bending, or bond breaking (dissociative electron-capture) or even bond-making. Only if both hole and electron centres are trapped in this way will they be detected by e.s.r. spectroscopy.
It is not widely appreciated that this technique is very powerful for the preparation and study of electron-gain and electron-loss species. Electrons are removed or added without the need of oxidizing or reducing agents whose presence often leads to complications, such as the formation of charge-transfer complexes. Also complications associated with the use NARTYN C. R. SYMONS AB -L AB+e 
AB -t ABH All prevent AB + AB -AB + AB AND HENCE, MOBILITY. Fig. 2(b) . e-Gain-Centre Changes of electrodes are avoided. When pure materials are used, both types of centre may be trapped, and spectral interpretation and identification may be difficult. In that case, dilute solutions of the precursors in solvents or in ionic crystals may be chosen such that only electron-gain or electron-loss centres are formed from the additives. Some examples are given in Fig. 3 . In many cases conditions can be controlled such that only electronaddition or only electron-loss occurs for the substrate. Of course, solvent radicals are then formed in abundance, but since their e.s.r. spectra are usually well documented, these can be subtracted. In some cases, use of perdeuterated solvent molecules reduces the solvent contribution to a very small region in the g= 2 region (cf. CD3OD, or adamantane ç, 16). The great advantage of using rotator solids is that free rotation often sets in before migration occurs. Isotropic e.s.r. spectra are frequently far better resolved and easier to interpret than anisotropic "powder" spectra, so the use of such matrices can be most advantageous.
When the precursors are ions, suitable ionic hosts can be used for the same purpose. For example, C1O3 doped into carbonate hosts gave 'Cl032 on irradiation (Ref. 4), whilst N03 gave 'NO32 -(Ref. 5) . Conversely, PO3 -in calcium tungstate gave PO2 (Ref. 6). In all these cases, the substrate attains the charge of the host anions on irradiation, and this is undoubtedly one of the factors contributing to stabilisation.
RADICAL NOMENCLATURE
There is considerable confusion in the literature, and I would therefore like to propose the nomenclature indicated in Fig. 4 as a reasonable way of resolving most of the ambiguities. This nomenclature uses the form of the unpaired electron's orbital as a label for the radical. Since this electron is largely responsible for the reactivity of the radical, this seems to be a logical approach. I suggested some time ago (Ref. 7 ) that radicals such as 'NO2 should be described as a-radicals to distinguish them from It-radicals, the major point of difference being the presence or absence of -character in the orbital. This approach sprang naturally from the fact that reasonably good estimates of the s and p character on a given atom can be obtained from the e.s .r. parameters (Ref. 8 9) . Howeve', with the realisation that a radicals (Fig. 4) are of great importance (Ref. 9 10), this nomenclature becomes confusing. I therefore favour using a, v and non-bonding (n.b.) orbitals as a basis and hence 'NO2 becomes n,b.0 whilst CH3, for example, is n.b.It.
ELECTRON LOSS PROCESSES La) Shape-chang
Loss of an electron leads to a new molecule or ion that initially retains the shape of the parent molecule. Provided dissociation does not occur, the shape will rapidly adjust to that of the new species. However, the route taken is not necessarily direct, and in certain cases at low temperatures intermediate species may be detected. For example, there may be competition between bending and stretching modes, the kinetically favoured distortion occurring at low temperatures with the thermodynamically favoured distortion occurring only on annealing.
In many cases, shape changes are predictable and unambiguous. Thus, for example, electron loss from NO2 to give 'NO2 involves mainly an increase in 0 from ç. 120° to ç. 132° ( Ref. 8) . In others, it may be quite subtle. For example, the benzene cation is not symmetrically distorted, although normal e.s.r. parameters seem to indicate this. In fact, because of the degeneracy of the two outer orbitals containing three electrons, the cations undergo linear distortions which lift this degeneracy: these are interchanging rapidly so that the spectn is that of the symmetrical ion. Unfortunately, ion-pair effects complicate the study of this type of distortion. [VI]
CH3
since hyperfine coupling to six protons was very much greater (32 G) than that to the
We suggest that crowding of the six methyl groups restricts their rotation so that the 18 protons are no longer equivalent. A conformation in which one C-H bond from each methyl group overlaps favourably with the lone a-electron is postulated since models show that strain can thereby be minimised.
This result, if correct, is important, since it is the first clear example of an e.s.r. spectrum for an alkane cation radical. Previously, broad central singlet features have been assigned to such cations (Ref. 23 ), but these are in no sense proof of their formation, nor are they structurally informative. I selected the molecule Me3C-Q'4e3 specifically because I expected to detect a well defined e.s. r. spectrum (Ref. 21) . For most of the hydrocarbons studied, the hole is expected to be widely delocalised since there are many equivalent C-C bonds. Hence complex hyperfine patterns with very small splittings are expected, and it seems that these are not normally resolved in solid-state studies (Ref. (ç) Bond-Brea4p
In general, protons are lost most readily, but other bonds may also break after electron loss. A well known example is loss of CO2 from RCO2• radicals. In the parent radical the unpaired electron is in the in-plane, largely non-bonding 2p-orbitals on oxygen [VIII] . As the R-C bond stretches, so 0 must increase thus encouragingThverlap with the R-C bond, and further bond-stretching. An interesting variation on this structure has been revealed in a very thorough study by Iwasaki and co-workers (Ref. 27 ). The primary electron-loss centres in various ct-amino acids, especially glycine and ct-aminoisobutyric acid are, as expected,
00 [VIII] RCO2' radicals, but there is considerable interaction with the R group, especially the nitrogen of the -NH3 group, which appears to lose a proton as a result. The structure, which is well supported by extensive evidence, is thought to be [IX] . This ultimately gives
way to the normal H2ICR2CO2 radical by complete electron and proton transfer. This species appears to be a sort of "transition state", and it is curious that it is stable at 77 K. One slightly disturbing fact is that on prolonged irradiation at 77 K, normal H2CR2CO2 radicals are formed. This change with dose is unusual. In my experience, if an increase in dose results in a change in radical products this often means that the initial radical species were formed by electron-or hole -scavenging impurities. These are used up during the initial stages and then centres characteristic of the pure compound are formed. Despite this reservation, the results do seem to be genuinely related to the pure substrates. R3P + R3P -(R3P-PR3) .
.... (2)
The "diiiier" cation is a a radical, which can be compared with the well known di-sulphur anions, RS-SR. These are normally formed by electron addition to RS-SR molecules, but can also be formed by electron loss from RS ions (Ref. 
.... (4)
The çy* orbitals appear to be quite strongly localised to the two central atoms. It is not, of course, necessary that the two halves of such dimers be equivalent. We have been able to detect mixed species such as R3PSR2, R3P2-hal and R2S.!hal when hal = Cl, Br or I. The propensity for forming c radicals in this way seems to be far greater for elements not in the first row of the Periodic Table. For example, we have searched for R3N-NR3 species which might be expected to form in the radiolysis of tertiary amines, but to no avail. Similarly, R2O-OR2 or RO-OR species have not been detected in the radiolysis of ethers, alcohols or alcoholates. Nevertheless, F2 is formed just as readily as Cl2, etc., so there is clearly no innate reason for their lower stability. Possibly steric factors are important.
It is also worth stressing that these cr species can be formed by both oxidative and reductive routes: for example -
PS. + PS [RS-SR]
RS-SR + e .
. . . . (5)
Both routes can frequently be detected by e.s.r. spectroscopy. Some mechanistic implications are considered in the section below. Some examples of electron-loss centres reacting to give 0* radicals are given in Fig. 5 . 
ELECTRON-GAIN PROCESSES (a) Physical Trapping and Solvation
The best defined units are the F-centres, which comprise electrons trapped at anion vacancies. A good working model for electrons trapped in rigid matrices (ei) is comparable, the electrons being centred on cavities or molecular sized vacancies in the solid. This is why glassy solids usually give far higher yields of e on irradiation than do their crystalline counterparts (Ref. 32). A goo4l model for solvated electrons (e) can be obtained by imagining the removal of an anion such as 1 from solution and replacing it with an electron without any major change in the orientation and positions of the solvating solvent molecules. In glassy protic media such as ethanol e units are converted into e units on annealing between 4 and 77 K despite the rigidity of the medium. The e units are, of course, far more stable than e units, and are probably also more confined to the cavities involved. This physical trapping actively competes with electron capture by molecules: if the 'solvent' molecules can themselves react rapidly with electrons, such trapping may be completely inhibited, but if electron scavengers are dilutely dispersed, physical trapping will compete statistically with capture. Pre-trapped electrons, often described as 'dry electrons' (ery) are in general more reactive, the order of reactivity being ery>eTt>e as expected. Thus, for example, alcohols react with ery to give R0 + H' or R' + OFF, but do not react with e or e (Ref. 33).
(b) Resonant Capture When electrons interact with molecules in the gas-phase, it is necessary to consider the need for energy matching, the efficiency of capture, or capture cross-section being large only when matching is precise (resonant capture) (Ref. 34). In liquid-and solid-state studies this is of much less importance, although it certainly has kinetic repercussions (Ref. 35). However, in our studies, it seems that provided electron capture is energetically feasible, it will generally be detected. An important factor is the broadening of energy levels in the solid-state, as evidenced by the great widths of the optical absorption curves for e and e. Also, substrate energy levels are broadened usually to the extent that individual vibrational levels overlap extensively. My own interest has centred on competition experiments rather than kinetic studies. These sometimes involve different modes of distortion with no further change, but often one or more routes involve bond-breaking (usually described as dissociative electron capture or d.e.c.) or protonation. I therefore outline these processes before discussing our competition studies. (where R = alkyl, and hal = F, Cl, Br or I). This is probably correct, but the conclusion is not obvious. Certainly in fluid or even rigid protic media this reaction should proceed, but in aprotic solvents, and especially in inert solvents, the halide ions are highly reactive, and a* radicals (R.-hal) might well be expected to form, especially at low temperatures. So far, no such radicals have been detected for R alkyl, but in rigid aprotic media there is often a clear hyperfine coupling to the halogen nuclei indicating a weak residual interaction between the radical R (whose e.s.r. spectra indicates a small loss of spin-density) and the adj acent halide ions (Ref. 39). In my view, the fact that these adducts are stable at low temperatures rules out the possibility of stable intermediate a radicals (Ref. 40) -since the reactants are in contact and there are no obvious barriers to reaction, why doesn't it occur? The situation envisaged is indicated in Fig. 6 . In support of this contention is the fact that adducts have never been detected for systems which do give a anions on electron capture.
[Some examples are shown in Fig. 7 
Me2CHH2/hal -Me3C./haF .
.... (8)
The spectra, which are isotropic showing very weak interaction with the halide nuclei, when previously assigned to Me2CQ-I2hal radicals (Ref. 41). These very small isotropic coupling constants show that the interaction is charge-transfer in nature rather than being covalent. Fig. 9 . This is apparently still true for Some of the most stable a radicals are the "dimers" such as (RS!SR) discussed above. These often dissociate reversibly, and their reactivity may be largely due to this dissociation. Thus (RS!SR) is a source of . radicals. I stress that these a anions involve bonds between p-orbitals rather than hybrid orbitals. Thus there is no innate reason why porbitals should not be used by carbon.
If) Bond-Making
There is probably less tendency to bond formation for electron-gain centres than for electron-loss centres, except for their tendency to protonate. A potentially important route to bond formation is the formation of a-radicals, as exemplified by reactions of silver atoms (Ref. 49):
Ag+e -Ag. CN + e . . . . (14) 2-. H20 -p-Ht!N . . . . (15) HQ'F + 1120 H2CIT .
. . . . (16) R .
Similarly cyarioalkanes , R-CN give ,,C N (Ref. 51) . Evidently RQ'F anions are relatively strong bases.
H
Aromatic v* anions are readily protonated in acidic media to give cyclohexadienyl derivatives. An interesting example is the protonation of bromo-or iodo-aromatic anions, which gave mainly ipso-protonation, so far aswe can judge (Ref. 52). Thus there was no sign of the usually distinctive features from the Cl-I2 group of normal cyclohexadienyl radicals, but species with a single large proton coupling together with a large hyperfine coupling to bromine or iodine nuclei were detected (Insert X). An interesting feature of our results was that in deuterated solvents, C6H5Br still gave a product with a large proton hyperfine coupling, whereas in protic solvents, C6D5Br gave a product which exhibited no proton coupling. This is interpreted in terms of a facile migration of Br around the ring, giving a statistical distribution. This concept nicely explains the tritiation studies of Gold and co-workers ( .... (18) .P(QR)3(O)
.
... (19)
Our results showed that R and 'P(OR)20 radicals were not formed vj the phosphoranyl anions.
In other words, during the initial flirtation between the ester and the electron, a statistical choice is made between C-0 bond stretching to give R', P-O bond stretching to give . 
... (25)
The course of these reactions is strongly influenced by solvation. Thus reactions (20) and (24) are favoured in inert solvents, whilst (21) and (25) give phenyl radicals must proceed via the a anion, and hence if Tr-addition occurs, path (iii), (iv) and (ii) must be followed. We were unable to detect Ph!.CY y* anions, and postulate that these, once formed from the normal Tr* anions, undergo dissociation. Similar considerations pertain to the bromo-and iodo-uracil derivatives (Ref. 61).
Electron addition to (MeO)2P(S)Br gave only the a* anion, the normally expected phosphorayl radicals formed by bond bending were not detected. However, for such asymmetric molecules the extent to which the two structures are really distinct is questionable.
PELEVANCE TO LIQUID-PHASE MECHANISMS
The main reason for using rigid systems is to avoid the need for very rapid detection systems. Also, solid-state spectra give more structural information than isotropic spectra. To what extent are our results pertinent to liquid-phase studies? In our work on glassy solvent systems, I think they are quite pertinent, since, provided phase separation has been avoided, these glasses can be viewed as nearly infinitely viscous fluids. Our results show that initially the electron may give Tr* and c anions, but only the latter will break down to give Ar', this being favoured by protic solvents. Ar' + NH2 -probably proceeds initially towards a a* species, but this probably gives the Tr* anion via an electron switch.
When the nucleophile is saturated, the attacking radical can only give long-lived RNu' -provided there is a site for the excess electron. This may be in the a orbital, and I have given many examples in which such species are quite stable at low temperatures (cf. Fig. 5 E  7 ). They are generally only formed readily with non-first row elements. This fits in with the observation that if the nucleophile is fully saturated, it is most effective when it is 'soft'.
When the nucleophile is unsaturated, radical addition can, of course, occur, and electronloss or transfer will then occur provided the balance of potentials is correct. Several of the anion radicals thus formed have also been formed in rigid systems by electron addition. Thus, for example, R'' + R2C=N02 gives R'R2C-N02. Radical anions of nitroalkanes are readily formed in irradiated systems, and have been shown to be pyramidal at nitrogen, with considerable spin-delocalisation onto oxygen. Similarly, RC02 ions add R" to give 0-RC anions which can also be formed by electron addition to esters. They too are OR found to be pyramidal at carbon.
Protonation couldwell interfere with electron transfer. Thus, for example, R' addition to CN ions gives R-C-W radicals, but these have a high proton affinity and will readily give R 7CN radicals which are no longer electron donors.
H ELECTRON-CAPTURE BY METALLO-ENZYMES
The use of ionizing radiation in the study of electron-gain and -loss processes in biological systems is gravely limited by the complexity of the resulting e.s.r. spectra, especially if solid systems are used. Nevertheless, by using model compounds and single crystals, considerable progress has been achieved. We have exploited the fact that electron addition to metal ions in metallo-enzymes often gives rise to paramagnetic centres whose e.s.r. features are well removed from the central (=2) region, and hence more readily analysed. This is because the electronic energy levels in such systems are relatively close together, and being coupled by the magnetic field the g-values are well shifted from g=2. With xanthine oxidase , addition occurs primarily at Mo (VI) and one of the ( Fe2S 2) units (I) .
The first fonned Mo (V) unit is unstable and changes on annealing to a new centre which exhibits hyperfine coupling to a single proton. Electron transfer then occurs from Fe2S2(I) to Fe2S2(II) and later from MoW) to Fe252(II) possibly vi Fe252(I). Thus, electron transitions between the various acceptor centres can readily be studied by our technique, in the absence of any chemical reagents.
I hope that these examples show that irradiation will prove to be a useful method for the selective addition of electrons to metal ions in biological systems. 
